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A model for predicting the transients associated with 
energizing ungrounded wye-connected station capacitor banks 
was developed. The model has the capability of simulating 
non-simultaneous operation of the breaker poles, pre-inser-
tion resistors, and the presence of previously energized 
capacitor banks at the same station. 
To investigate various system representations, a com-
puter solution of the transient response of an arbitrary 
network and the computer solution of the generalized Thevenin 
impedance of a complex network are p~esented. A simple power 
system is defined and used to investigate the modeling of 
various system components, using the computer solution 
methods. Simplification of the model due to the intercon-
nection of the components is discussed. An extension of the 
model to a complex general system is made and the method of 
determining the parameters of the model is presented. A com-
puter solution of the final model is discussed. 
Comparison is made between the transient responses pre-
dicted by the model and the values measured in the field. The 
accuracy, applications, and limitations of the model are 
examined. 
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I .. INTRODUCTION 
A. Objective 
The primary purpose of the research presented in this 
thesis was to meet the objectives presented by The Detroit 
Edison Company, the sponsor of this research, expressed by 
Mr. G. L. Gaibrois as follows: 
"Establish a computer program which 
will give the wave shape and magnitudes of 
switching surges obtained while energizing 
capacitor banks at one location; showing the 
effect of switching a bank while adjacent 
banks are already energized. This program 
shall include random cable and overhead line 
feed to the capacitor banks as well as random 
non-simultaneous three-phase switching. The 
overvoltages should be given in line-to-ground 
voltages at the line side of the capacitor 
banks as well as at lower voltage levels down 
to the customer 120 volt service voltage." 
B. Background and Scope 
The effect of capacitor bank switching on customer 
equipment was first brought to the attention of The Detroit 
Edison Company by several large customers. The customers 
complained that surges were interfering with the operation 
of several computers. The cause of the surges was found to 
be the energization of station capacitor banks. 
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In 1967, a study of the problem was initiated and field 
tests were conducted to verify the existence of the transi-
ents and to determine the scope of the transients. As a 
prelude to mini-mizing these transients and for the selection 
of suitable capacitor bank locations, a computer program to 
predict capacitor bank energizing transients was sought. 
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In switching capacitor banks, transients of three dis-
tinct frequency ranges are produced. The lowest range is a 
slow variation about the 60-hertz system frequency caused by 
the minor changes in the reactive power requirements of the 
power system. The sources must stabilize to meet these new 
requirements. Since this transient is insignificant and has 
no noticeable effect on the customer voltage, it will be 
given no further consideration. The highest frequency tran-
sients are in the megahertz range. These transients are 
referred to as the distributed parameter transients [10], 
and are present on the bus, the transmission lines, and the 
transformers. Although they present severe problems when a 
transmission line is being energized or de-energized and 
have therefore been the object of much research that is well 
documented in the literature, the role of these high fre-
quency transients in capacitor switching, especially the 
effect on the switching equipment and on the customer volt-
age, is negligible. The megahertz range transients are 
local in nature; the transients generated on the bus are 
confined to the bus; the transients generated on the lines 
are confined to the lines; and internal transients in the 
transformers generally remain in the transformers. Then, 
too, since the switching of a capacitor bank is not nearly 
as large a change in the system as the energization or de-
energization of a transmission line, the transients are 
small in magnitude and quick to dissipate. 
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The transients that are considered in this research are 
the mid-range transients, which range in frequency from 100 
hertz to several kilohertz. These transients, referred to 
as the lumped parameter transients, have the largest magni-
tudes and persist the longest. Also, they represent the 
frequencies involved in the actual switching process and 
are capable of being transmitted to the customer. 
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II. REVIEW OF LITERATURE 
A. Historical Background 
The use of static shunt capacitors in power systems 
dates back to about 1914. The purpose of these early capac-
itor banks was to improve the voltage regulation at the 
load by increasing the power factor. Because of high cost, 
large size, and excessive weight, these early capacitor 
banks had relatively low kVA ratings and were located elec-
trically and physically close to the load. As improvements 
were made in static capacitors reducing their size and cost, 
primarily through improvements in dielectric materials, the 
problem of voltage regulation was being solved by the use 
of tap-changing-under-load transformers and regulating trans-
formers. This solution of the problem of voltage regulation 
permitted an increase in the inductive reactance of a system, 
making possible the use of higher voltage levels and longer 
transmission lines. The increased inductive reactance made 
the use of shunt capacitors attractive not only for the 
improvement of voltage regulation but as a source of reactive 
power to improve the power factor of the system, decreasing 
the kVA load on the system and reducing the losses in the 
system. 
One of the most important factors in the acceptance of 
static shunt capacitors by the power industry was the Second 
World War. In 1939, less than 2,000 MVAR of static shunt 
capacitance was in use; since static capacitors required less 
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critical material than other kVAR generators, by 1946 the 
figure had grown to 9,000 MVAR [1]. During this same period, 
the size, cost, and failure rate of static capacitors were 
greatly reduced, putting static capacitors in a competitive 
economic position as a source of reactive power. 
B. Previous Investigations 
Early studies of the effects of static capacitor banks 
were confined to sinusoidal steady-state conditions, since 
the early capacitor banks were a permanent part of the sys-
tem. Switching capacitor banks with the requirements for 
reactive power, therefore improving voltage regulation, was 
first suggested by Butler and Pope [2]. In a later paper, 
Butler [3] presented a comprehensive analysis of the tran-
sients associated with the switching of capacitor banks. The 
power system in Butler's theoretical study consisted of a 
single source, a transmission line, and a capacitor bank or 
banks at the receiving end of the transmission line. The 
source and the transmission line were modeled as a constant 
voltage behind a lumped series R-L circuit and the capacitor 
bank as a pure capacitance. In the discussion of parallel 
banks and non-simultaneous breaker pole operation, the model 
was expanded to three phases and other minor modifications 
were made. 
Research in the switching of capacitor banks has been 
concerned primarily with determining and testing suitable 
circuit breakers or with providing switching schemes to 
protect existing circuit breakers. Considerable attention 
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has been devoted to the problem of de-energizing a capacitor 
bank. The trapped voltage on the bank coupled with the 
transient generated in the system by de-energization requires 
circuit breakers to exhibit much faster recovery voltage 
characteristics than are necessary in the interruption of 
faults. These problems have been investigated with varying 
emphasis by Schroeder, Boehne, and Butler [4], Van Sickle 
and Zaborsky [5,6], Johnson, Schultz, Schultz, and Shores 
[7] , et. al. Using essentially the same model previously 
developed by Butler, these investigators provided the infor-
mation that virtually eliminated the circuit breaker problem. 
A paper presented by Elgerd [8] represented one of the 
first significant departures from Butler's original model 
of the power system. Again, the system considered consisted 
of a single source, a transmission line, and a capacitor 
bank. Although the source was assumed to be a constant 
voltage behind a reactance and the presence of a transformer 
at each end of the line was modeled as a lumped reactance, 
the line itself was considered to have distributed parameters. 
Transmission was assumed to be instantaneous. Elgerd's 
model predicted slightly different results than Butler's 
if the transmission line was long. 
Modeling the system as a transmission line only was 
justified at the time of the investigations by Butler and 
others since at that time all capacitor banks being switched 
were either pole mounted on distribution feeders or, to a 
lesser extent, banks in subs~ations. The feeding network 
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consisted primarily of a single transmission line. As 
recently as 1968, an estimated 60% of the static kVAR in-
stalled were pole mounted on feeders, 30% in substations, 
and only about 10% in transmission and subtransmission sta-
tion banks above 15 kv [9]. A simple model of the trans-
mission line was sufficient because only fair accuracy was 
required. 
Recent advances in dielectric materials have led to a 
large increase in the installation of capacitor banks at 
transmission and subtransmission stations. Investigation 
of the effects of the transients associated with energiza-
tion of station capacitor banks have been made [10,11], 
showing that sophisticated electronic equipment is adversely 
affected. A model to predict these transients accurately 
is obviously needed. 
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III. DEVELOPMENT OF THE MODEL 
The plan to meet the objectives was to model the power 
system in as simple a configuration as possible and still 
provide acceptably accurate results. Simple in this case 
means the minimization of both the number of required para-
meters and the necessary procedures involved in obtaining 
the parameters. An attempt to incorporate into the model 
system parameters that are readily available was of utmost 
concern, since application of the model developed to actual 
situations was implied in the objectives. 
Before the actual investigations of various models 
were made, the tools for examining the proposed models were 
developed. The procedure in developing suitable models was 
to begin by assuming simultaneous operation of the three 
poles of the breakers supplying the capacitors. This assump-
tion permitted modeling of the system on a single-phase basis. 
The next steps were: (a) to assume a relatively simple 
system to determine suitable representations of various com-
ponents, (b) to reduce the representations of some of these 
components, (c) to extend the component representations to 
a more complex system and, finally, (d) to relax the require-
ment of simultaneous pole operation of the breakers supply-
ing the capacitors. 
A. The Tools for Investigating the Models 
The tools used in the investigation of the components 
and of the models were several computer programs written for 
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the IBM 360/50 in Fortran IV-G. To provide quick visual 
interpretation of the results, the Calcomp plotter was used. 
1. The Transient Network Solution Technique 
Once a particular model was chosen for investigation, 
the ultimate concern was the transient response of the model. 
To this end, a computer program based on the method described 
by H. w. Dommel [12] was developed. This computer program 
can solve the transient response of an arbitrarily connected 
network of both linear and nonlinear lumped parameters. The 
capability of modeling distributed parameter lossless ele-
ments described by Dommel was not included. 
For the linear elements, the necessary program inputs 
are the 60 hertz impedance of each element, an element being 
either a single inductor, capacitor, or resistor, and the 
element node connections. A subroutine is called for non-
linear elements and the inputs are the element node connec-
tions and the straight line equations that approximate the 
nonlinear elements. All sources must be represented as 60 
hertz current sources and must be converted to a single 
source per node. 
The program then solves for the steady state solution 
of the network by first forming the node incidence matrix 
A. The next step of the algorithm forms the matrix equation 
(ATYA)V=I, where ATYA is the node admittance matrix, Y is 
the primitive admittance matrix, V is the node voltage 
vector, and I is the node current vector. This equation 
is solved for the node voltages by triangularizing the node 
admittance matrix using ~aussian elimination with pivotal 
condensation. The node voltages are then detenmined by 
back substitution. From the node voltages, the element 
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voltages and currents are determined. The sources may then 
be adjusted to provide any desired element voltage. This 
steady-state solution corresponds to time zero. 
For the transient solution, the necessary initial 
conditions are retained from the steady-state solution. To 
simulate switching, elements are simply added to or sub-
tracted from the steady-state network, the first switching 
operation occurring at time zero. Further switching opera-
tions, if required, may either be specified by times or 
may be made to depend on and occur with a particular volt-
age or current condition of a specific element. 
The solution method for the transient is based on 
trapezoidal integration which permits representation of 
linear inductors and capacitors as conductances, each in 
parallel with a discretely varying current source. 
Consider a capacitor from node a to node b as shown in 
Figure 1-a. Assuming time t=k~t as the present time, the 
voltage across the capacitor at time t=(k+l)~t is given by: 
1 
v ab[ (k+l) ~t] = c 
(k+l)~t 






I = iab(k~t) + ~ • vab(k~t) 
a 
2C 
G = "ZIT' 
a - capacitor b - equivalent network 
a 
L 
Figure 1. Capacitor Representation 
b a 
I= iab(k~t) + ~~ • vab(k~t) 
G - ~t 
-2L 
a - inductor b - equivalent network 





Using the trapezoidal rule of integration: 
v ab [ (k+l) btl Ilt [' . ] ~ 2C ~ab [ (k+l) Ilt] + ~ab (kilt) 
+ v ab (kilt) (2) 
Solving for iab[(k+l)]Ilt yields: 
iab [ (k+l) Ilt] 
2C 
= Ilt • v abKk+l) Iltl - iab (kilt) 
2C 
- Ilt • v[ab (kilt)] (3) 
which can be represented by the equivalent network of Figure 
1-b. Assuming the present time voltage and current are 
known, the future, or next time, voltage and current can 
easily be determined. An iterative procedure can be estab-
lished to determine the voltage and current for as many time 
steps as are desired. 
Likewise, for an inductor from node a to node b as 
shown in Figure 2-a, if the present time is t=kAt the current 
through the inductor at time t=(k+l)At is given by: 
1 
iab[(k+l) Ilt] = L 
[{k+l) At] 
{At vab(t)dt + iab(kilt) 
Using trapezoidal integration: 
iab [ (k+l) btl 
Ilt ~ 2L [vab[(k+l)llt] + vab(kllt)] 




This equation is the solution of the network of Figure 2-b. 
Again, given a set of initial conditions, extension of a 
solution to as many time steps as are desired is relatively 
easy. 
Resistors remain unchanged from their steady-state 
representation to their transient representation. For a 
resistor from node a to node b, the terminal equation is: 
. - 1 . ~ab [ (k+l) ilt] - R v ab [ (k+l) ilt] (6) 
For a network containing a single nonlinear element, 
the Thevenin equivalent of the network excluding the non-
linear element must be constructed. At each time interval, 
the current through the nonlinear element must be computed 
using the Thevenin equivalent. In the general network, the 
nonlinear element is then replaced by this current, main-
taining an essentially linear solution. If the network con-
tains more than one nonlinear element, an iterative procedure 
must be followed at each time step, resulting in a lengthy 
solution time. 
As in the steady state solution, the transient solution 
of the next time step is found by solving the equation 
(ATYA)V=I for the node voltage vector, except that now the 
current vector not only contains the next time value of the 
60 hertz current sources, but also the present time value of 
the inductor and capacitor equivalent network sources and 
the nonlinear element currents. The primitive admittance 
matrix Y is made up of the equivalent conductances of the 
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elements. Again, the matrix is triangularized by Gaussian 
elimination using pivotal condensation. If the time inter-
val ~t remains fixed, the triangularization process need 
only be repeated at each switching operation and when a 
previously linear element becomes nonlinear. Furthermore, 
if the nonlinear elements and the elements to be added or 
removed are numbered last, the tri.angularization process 
need only be partially repeated. 
Once the next step node voltages are found by back 
substitution, the element currents and the values of the 
equivalent inductor and capacitor network current sources 
may be determined. The current vector I is then updated 
and the process is continued until the desired final time 
is reached. 
2. Generalized Thevenin Impedance 
In determining the transients associated with capacitor 
switching, an entire power system can be considered in the 
following manner: a source network, which contains the 60 
hertz real power sources and the transmission equipment; 
the capacitor bus, which is the bus where the capacitor to 
be switched is located; and the load network, which repre-
sents the distribution system and the loads connected to 
the capacitor bus. This is shown in !igure 3. 
Under transient conditions, the distinction between 
source and load becomes blurred. If motor load is repre-
sented as a voltage source behind a reactance, under tran-










Figure 4. Supply Network Representation 
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flowing into the capacitor bus. For this reason the combin-
ation of the load and source networks will be lumped together 
and called the supply network, as shown in Figure 4. 
If the transient response at the capacitor bus due to 
the switching of a capacitor is to be the same for different 
supply network representations, having no voltage or current-
dependent nonlinearities, the impedances looking into the 
networks from the capacitor bus must be the same at all 
frequencies. Although similarity of generalized Thevenin 
impedances is not a sufficient condition for equivalent 
response, it is necessary. Clerici and Marzio [13] have 
demonstrated, however, that in complex power systems, if 
the generalized Thevenin impedances of two networks are 
the same, the transient responses of the two networks will 
be the same. Investigation of the impedance as a function 
of frequency of the supply network can therefore yield a 
great deal of information on the relative accuracy of a 
given representation. 
A computer program was developed to determine the 
generalized Thevenin impedance of the supply network. In 
this program, which is restricted to linear lumped param-
eters, the required inputs are the 60-hertz impedances and 
the node connections of the branches. It also includes a 
special subroutine to provide the distributed parameter 
equivalents of transmission lines if desired. A branch is 
defined as a path connecting two nodes. A branch is re-
stricted to contain at most one real and one reactive element. 
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If a path contains both an inductor and a capacitor, an 
additional node must be defined. The capacitor bus must be 
the highest numbered node. 
The impedance of each element is then converted to its 
one-hertz value and this value is stored. The connection 
information is used to generate the node incidence matrix A. 
From the one-hertz stored impedances, the element impedances 
for the desired frequency are computed and the node admittance 
matrix YN d = ATYP . A, where YP . is the primitive admit-
o e r~m r~m 




Where, for an n node network, M is n-1 x n-1, L is n-1 x 1, 
and C is a scalar, the capacitor bus admittance. The admit-
tance at the capacitor bus with all the other nodes elimi-
nated is given by [20] : 
(8) 
This equation is solved by the computer program and the 
reciprocal, which is the impedance, is returned in polar 
form. Since this process can be performed for any desired 
frequency, it is a simple procedure to have the program step 
the frequency at any desired step size and from any initial 
frequency to any final frequency. 
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B. Investigation of the System Components 
Before an entire power system could be modeled, a 
suitable representation for each component contributing to 
the transient response had to be chosen. In the choice of 
suitable representations of the components two factors kept 
in mind were the frequency range of interest and the influ-
ence of the components on one another, particularily in the 
type of system to be examined. 
The components of sufficient importance to deserve in-
dividual attention were the transmission lines, the trans-
formers, and the loads. To aid in the selection of suitable 
component models, the single-source, single-transmission line 
power system of Figure 5 was conceived. 
The system of Figure 5 is similar to what is encounter-
ed in the switching of subtransmission station capacitor banks 
in that the capacitor bus is connected to the source network 
through a transformer bank at the station. This is fortunate 
because it has been demonstrated [13] that if the source net-
work is connected to a transmission line through a trans-
former bank, an accurate representation of the source net-
work up to 1,000 hertz is good enough to predict all of the 
transients on the transmission line. This source representa-
tion is obviously capable, then, of predicting the transients 
in the frequency range of interest for the energization and 









-j96.2 2 2 
Figure 6. Simple System- Exact Line Representation 
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1. Transmission Line Representation 
For the simple power system of Figure 5, the trans-
mission line was assumed to be 40 miles long, having a 60-
hertz series impedance of 0.142 + j.08325 ohm/mi. and a 
60-hertz shunt admittance of j4.635 x 10-6 mho/mi., both 
referred to the capacitor bus. The generator and its trans-
former were represented as a constant voltage behind a 
series impedance of .0416 + j.4 ohms at 60 hertz referred 
to the capacitor bus. The step-down transformer was 
assumed to have a series impedance of jl.55 ohms at 60 
hertz referred to the capacitor bus. The capacitor was 
assumed to be an impedance to ground of -j96.2 ohms at 
60 hertz. The impedance of the capacitor bank corresponds 
to an 18 MVA 41.6 kV bank. The transmission line parameters 
are realistic values for a 120 kV single-circuit trans.mission 
line. The generator and transformer impedances, which were 
assumed for the investigation of the transmission line to 
be constant resistances and inductances, though admittedly 
simple models, have realistic values. 
Since the transmission line was the object of investi-
gation, simple representations of the transformers and the 
generators were deemed sufficient, and, for the same reason, 
the load was ignored. The supply network and the source 
network, then, were one and the same. 
If the transmission is assumed instantaneous, which is 
a reasonable assumption for the frequencies of interest, 
the transmission line can be represented with theoretical 
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exactness by an exact pi. Using this representation, the 
system of Figure 5 on a per phase basis is represented by 
the model of Figure 6. In this representation: 
Z' z sinh yl = yl c (9) 
and 
Y' 1 tanh yl 2 = z 2 ( 10) 
c 
where 
v'zjy = .J(R + jwL)/jwc z = c ( 11) 
and 
1 = /yz 1 = v'(jwC) (R + jwL) (12) 
A less exact representation of the transmission line 
for the network of Figure 5 is the use of four nominal pi 
sections as shown in Figure 7. Further simplifications re-
sulted in the nominal two pi representation of the transmission 
line shown in Figure 8, the single nominal pi representation 
of the transmission line shown in Figure 9, and the simple 
R-L transmission line representation shown in Figure 10. 
The generalized Thevenin equivalent impedance magni-
tudes of the source representations of the simple system of 
Figure 5 using the five different line representations and 
using the four pi, two pi, single pi, and R-L line repre-
sentations were found. 
The generalized Thevenin equivalent impedance magnitudes 
as functions of frequency for the source networks of Figures 
R + jX = .142 + j.8325 
j0.4 jl.55 
DOOC DG DO DU DO DOOO 
.0416 R + jX R + jX R + jX R + jX 
-j 9 6. 2 
-j4312 -j2156 -j2156 -j2156 -j 4312 








.284 jl.665 .284 . jl.55 
-j96.2 i 
Figure 8. Simple System - Two Pi Line Representation 
j0.4 .0416 j3.33 .568 
-jl078 -jl078 .. i 
-j96.2 
Figure 9. Simple System - Single Pi Line Representation 
j0.4 j3.33 .568 jl.55 
.0416 
-j96.21 
Figure 10. Simple System - R-L Line Representation 
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6, 7, 8, 9, and 10 are shown in Figures 11, 12, 13, 14, and 
15, respectively. The transient responses for energizing 
the capacitor bank at the instant of a voltage maximum, 
defined as one per unit, for the networks of Figures 7, 8, · 
9, and 10 are presented in Figures 16, 17, 18, and 19, 
respectively. 
Examination of Figures 11, 12, 13, 14, and 15 indicated 
that the primary difference in the various models of the 
transmission line was in the number of series and parallel 
natural resonant frequencies present. The number of these 
frequencies ranged from zero in the R-L representation of 
the transmission line to nine (for the range of frequency 
plotted) for the exact line representation. The implica-
tion was that the R-L model, when the capacitor bank was 
energized, would produce a single resonant frequency. All 
other line representations would produce more than one 
resonant frequency. In addition, up to the frequency of 
1,000 hertz, the Thevenin equivalent impedances of all. 
five of the line representations investigated were similar. 
Investigation of Figures 16, 17, 18, and 19 bore out 
the conclusions on the numbers of resonant frequencies 
present in the transient response. The transient responses 
of the four pi line representation, the two pi line repre-
sentation, and the single pi line representation clearly 
indicated the presence of at least two transient frequencies 
in the response, whereas the simple R-L representation 
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Per Unit Voltage and Line Representation 
Time in Milliseconds Four Pi Two Pi One Pi 
Voltage 1. 76 1. 76 1.80 
Peak Value 
Time 2.00 1.95 1.85 
Voltage - .903 - .915 - .933 
First Min 
Time 4.20 4.20 4.20 
Voltage .285 .291 .260 
Second Max 
Time 5.60 5.80 6.00 
Voltage - 1.93 - 1.93 - 1.93 
Second Min 
Time 7.95 8.00 7.90 
Voltage - .017 - .003 - .000 
Third Max 
Time 10.05 10.05 10.20 















with the exception of the presence of higher frequencies, 
the transient responses of the four representations are 
very similar. 
2. Transformer Representation 
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An accurate general model of a two winding transformer 
under transient conditions is extremely complex, as shown, 
for example, by the idealized model of Figure 20 proposed 
by Bewley [14]. Depending on the phenomena under investi-
gation and the terminal conditions of the transformer, 
certain simplifications are possible. For example, if a 
transmission ·line is terminated in a transformer and the 
transients on the transmission line due to the energization 
of the line are to be investigated, the model proposed by 
Stanek [15] and shown in Figure 21 has provided excellent 
correlation between theory and practice. The magnetizing 
branch in Stanek's representation is modeled as a non-
linear element. If the transients on the secondary side 
of the transformer are of primary concern the model of 
Figure 22, proposed by Bewley, can be used. 
The essential differences in the models of Figure 20 
and Figure 22 are that the simplified model does not pre-
dict the internal transients as does the complete model, 
and the simplified model does not provide much filtering 
between the primary and secondary. The use of the simpli-
fied model of the transformer in the power system of Fig-
ure 5 to determine the capacitor bus transients due to 
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Figure 21. Model of a Transformer as a Termination 
L - M 1 L - M 2 
37 
Figure 22. Simplified Linear Transient Transformer Model 
j0.4 .568 j3.33 j.775 j.775 
.0416 
-j96.21 j7.75 
Figure 23. Simple System - Magnetizing Branch Included 
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filtering of the higher frequencies that the more precise 
representations of the transmission line would. generate on 
the transmission line. The most straightforward way to 
eliminate the high frequency transients on the transmission 
line from the capacitor bus is to use a simple R-L repre-
sentation of the .line that prevents the production of these 
transients. Since it has already been stated that a 1,000 
hertz equivalent of the source is all that is necessary if 
connection to the source is through a transformer, the use 
of a simple R-L line representation was justified. 
In a well designed transformer, the primary and second-
ary leakage inductances, when referred to the same side, are 
equal. Therefore, in determining L1 - M and L2 - M, each 
were made equal to one-half the total leakage inductance. 
In selecting a value for the magnetizing inductance 
under transient conditions, Crary [16) proposed a linear 
inductance equal to the saturated value. According to 
Crary, this value should be approximately five times as 
large as the total leakage inductance. 
Modifying the simple power system representation of 
Figure 10 to include the mag~etizing branch of the receiving 
end transformer as proposed by Crary resulted in the repre-
sentation of Figure 23. 
Energizing the capacitor bank at a voltage maximum with 
the system model of Figure 23 produced the transient response 
shown in Figure 24. The results of the inclusion of the mag-












case of neglecting the magnetizing branch entirely in Table 
II. 
On the basis of the results summarized in Table II and 
a comparison of Figures 19 and 24, it was concluded that 
the magnetizing reactance has considerable effect on the 
transient response and therefore must be accounted for. 
3. Load Representation 
The subtransmission stations where capacitor banks are. 
located typically include a substation with distribution 
circuits, trunks to supply other substations, and, occasion-
ly, tie lines to other subtransmission stations. 
The simple power system of Figure 5 was used to investi-
gate the effects of various load representations on the tran-
sient response. The load was assumed to consist of two 
identical distribution circuits and five identical trunks 
supplying five identically loaded substations. Since the 
distribution circuits were identical, a single eqUivalent 
distribution circuit was used to represent the distribu-
. 
tion load, and, similarily, a single equivalent trunk cir-
cuit was used to represent the trunk load. 
In the most precise representation of the load inves-
tigated, shown in Figure 25, the equivalent distribution 
circuit was modeled as an equivalent transformer, an equiva-
lent distribution line, and a lumped load at the receiving 
end of the distribution line. The equivalent transformer 
was modeled as the leakage reactance of two five MVA trans-
formers with a leakage reactance of 8 per cent each,in 
Per Unit Voltage and Including Magnetizing Not Including 
Time in Milliseconds Reactance Magnetizing Reactance 
Voltage 1. 84 1. 87 
Peak Value 
Time 1.85 1.55 
Voltage 
- .894 - .657 
First Min 
Time 4.05 3.35 
Voltage .327 .732 
Second Max 
Time 5.70 4.75 
Voltage -1.93 -1.76 
Second Min 
Time 7.85 6.55 
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parallel. The equivalent representation of the two distri-
bution lines was modeled as a nominal pi. 
The equivalent trunk circuit was modeled as an equiva-
lent transmission line, an equivalent transformer, and a 
lumped load at the receiving end of the equivalent trans-
former. The equivalent transmission line was represented 
by a nominal pi and the equivalent transformer by a 50 
MVA unit with a leakage reactance of 8 per cent. 
Both the lumped distribution load and the lumped trunk 
load were modeled as a resistance to ground representing 
lighting load and a constant voltage behind a subtransient 
reactance representing motor load. 
The equivalent distribution load was ·8.10 MW and 5.48 
MVAR lagging. Of this, 2.29 MW was lighting ~oad and the 
remainder was motor load, which are within the ranges sug-
gested by Venikov [17]. The equivalent subtransient react-
ance to represent the motor load was determined by assuming 
the equivalent motor to have a subtransient reactance of 
20 per cent and that the equivalent motor was operating at 
80 per cent rated MVA. 
The equivalent trunk load was 36.5 MW and 24.2 MVAR 
lagging. Of this, 12.45 MW was lighting load and the re-
mainder was motor load. The equivalent subtransient react-
ance in the representation of the trunk motor load was deter-
mined in the same manner as the distribution motor reactance. 
The total lumped loads were 33% lighting load and 67% 
motor load. The total load at the capacitor bus was 45.5 MW 
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and 36.5 MVAR lagging. 
In the next representation of the load considered, the 
total load at the capacitor bus was modeled as a lumped 
load, assuming that 33% of the load was lighting load and 
67% motor load. The lumped load at the capacitor bus was 
represented in the same manner as the lumped distribution 
and trunk loads. The resulting model is shown in Figure 26. 
Finally, the load was modeled as a series resistance 
and reactance to ground as shown in Figure 27. 
The transient responses for energizing the capacitor 
bank at the instant of a voltage maximum, defined as one 
per unit, for the networks of Figures 25, 26, and 27 are 
shown in Figures 28, 29, and 30, respectively. The tran-
sient responses shown in Figures 28, 29, and 30 are summar~ 
ized in Table III. 
From the results of Table III, it can be seen that of 
the two simple load representations, the simple active load 
response is much closer in terms of time to the complex 
load response than the response of the simple passive load. 
Since the total load on a subtransmission station is gener-
ally known, once the percentage of the load allotted to 
lighting is determined, the representation of the simple 
active load can easily be formulated. 
c. Reducing a Complex System 
To investigate the possibility of further reductions 
in the model of a system, the eight bus power system of 
Figure 31 was conceived. Assuming that the individual 
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Per Unit Voltage and Simple Simple 
Time in Milliseconds Precise Active R-L 
Volt_age 1.82 1. 81 1. 85 
Peak Value 
Time 1.30 1. 25 1.45 
Voltage - .290 - .197 - .428 
First Min 
Time 2.75 2.65 3.05 
Voltage .803 .812 .749 
Second Max 
Time 3.95 3.75 4.30 
Voltage - 1.146 
-
.966 - 1.380 
Second Min 
Time 5.50 5.25 5.95 
























































components had the same parameters as the simple power 
system of Figure 5, the model of Figure 32 was constructed. 
The 60 hertz Thevenin impedance of the source at bus 
4 of the system of Figure 31 was found, ignoring the loads 
and assuming the exact representations of the transmission 
lines. Replacing the source network supplying bus 4 by a 
voltage source behind the Thevenin impedance resulted in 
the model of Figure 33. 
If the magnetizing reactance of the transformer is 
included and the resistance of the Thevenin equivalent of 
the source network supplying bus 4 is for the moment neg-
lected, the reactance of the source at bus 5 for the system 
model of Figure 33 is: 
-.<~us 4' + xload) xmag ~us 5 - X. + X + X + Xload -~us 4 load mag (13) 
Substituting the values from Figure 33 yields: 
X = {1.3122 + .775)7.75 + • 77S = 2.3943 (14) bus 5 1.3122 + .775 + 7.75 
Using the reactance and the Thevenin resistance of the 
source network supplying bus 4, eliminating the magnetizing 
reactance, gave the model of Figure 34. 
The transient responses for energizing the capacitor 
bank at the instant of a voltage maximum for the networks 
of Figures 32, 33, and 34 are shown in Figures 35, 36, and 
37, respectively. The transient responses are then summar-
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Per Unit Voltage and Complex Reduced Simple 
Time in.Milliseconds Source Source Source 
Voltage 1. 809 l. 827 1.823 
Peak Value 
Time 1.05 1. 05 1.05 
Voltage .025 
-
.094 - .087 
First Min 
Time 2.20 2.25 2.25 
Voltage .845 1.015 1.005 
Second Max 
Time 3.10 3.25 3.25 
Voltage - .343 - .702 - • 691 
Second Min 
Time 4.45 4.50 4.50 




Examination of Table IV and a comparison of Figures 35 
and 36 indicated that simplification of the source slightly 
increased the magnitude and time constant of the transient 
and decreased the frequency of the transient. Since the 
simplification of the lQad, as shown in Table III, produced 
the opposite effect as simplification of the source, use 
of both simplifications would result in a certain amount 
of cancellation of errors. A comparison of Figures 36 
and 37 and examination of Table IV showed the elimination of 
the magnetizing reactance, properly accounted for, had neg-
ligible effect on the transient response. 
The 60 hertz Thevenin impedance at bus 5 of Figure 31 
will be nearly the same as the Thevenin impedance found 
at bus 4 plus the leakage reactance of the transformer, be-
cause the steady-state load impedance is large compared to 
the impedance of the source and because the transformer 
magnetizing reactance is large under steady-state conditions. 
The steady-state Thevenin impedance at bus 5 is, then, 
approximately equal to .2065 .+ j2.8622. The source imped-
ance of the model of Figure 34 is .2065 + j2.3943, which 
has the same real part and 83.5% of the reactive part of 
the steady-state Thevenin impedance of the source at bus 5. 
For a source reactance varying from .2 of the trans-
former reactance to a source reactance equal to the trans-
former reactance, the reactance on the receiving side of 
the transformer under transient conditions would vary from 
89.5% to 81.0% of the steady--s~ate Thevenin reactance at 
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the receiving side of the transformer. It was decided that 
a value of 85% of the steady-state Thevenin reactance at 
the capacitor bus would be a reasonable average value to 
use as the transient reactance of the source. The reason 
for attempting to express the magnetizing reactance in terms 
of the Thevenin reactance is that the Thevenin reactance at 
a capacitor bus is readily available. 
D. Extension to a Three-Phase System 
Since the actual system investigated employed un-
grounded capacitor banks and circuit breakers with non-
simultaneous pole operation, it was necessary to extend 
the model to a three-phase representation. 
The three-phase model proposed consisted of three of 
the single phase models of Figure 34 with the 60 hertz 
sources and the loads securely grounded. The grounding 
of the sources was justified by the fact that the trans-
formers supplying the capacitor bank were grounded. The 
load was grounded for want of a more accurate representation. 








IV. SOLUTION OF THE MODEL 
The solution of the transient response required the 
modification of the model of Figure 38 to include the local 
conditions at the capacitor bus and then a method of sol-
ving the modified model. The solution also was restricted 
to the energization of a single bank at a time, this being 
the usual practice. 
A. Addition of Local Parameters 
To complete. the model, several parameters had to be 
included at the capacitor bus. These included the supply 
lines from the capacitor bus to the capacitor bank, the 
representation of energized banks at the same station, and 
a more general representation of the circuit breakers. 
1. The Supply Lines 
The supply lines have negligible effect on the tran-
sient response of a station with a single capacitor bank 
[18]. However, when there are one or more energized banks· 
present at a station, the capacitor switching transient de-
pends to a large extent on th~ impedance between the banks. 
On the 41.6 kV banks of the Detroit Edison System, the 
usual supply to a capacitor bank is three number 3/0 ACSR 
conductors arranged in a horizontal plane spaced four feet 
on centers. Assuming an equilateral triangular spacing, 
the equivalent spacing is 5.04 feet. The impedance per 100 
feet at 25°C and a frequency of 60 hertz is .0106 + j.Ol39 n. 
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2. Parallel Banks 
The existence of a previously energized capacitor 
bank at the same station as the capacitor to be switched 
required the addition to the model of Figure 34 of a capac-
itor and the proper representation of a supply line to each 
phase. If more than one previously energized capacitor 
bank were present at the station, they were combined into a 
single equivalent bank, where the MVA rating of the equiva-
lent capacitor bank was the sum of the MVA ratings of the 
individual capacitor banks. The equivalent supply line was 
formed by taking as an equivalent resistance the parallel 
combination of the resistances of each supply line and as 
an equivalent reactance the parallel combination of the 
reactances of each supply line. The combining of previously 
energized capacitor banks reduced considerably the com-
plexity of the model. This combining was justified because 
of the relatively small interaction observed between paral-
lel energized banks under transient conditions. 
3. Circuit Breakers 
In add.ition to the possibility of non-simultaneous oper-
ation of the breaker poles, some capacitor bank circuit 
breakers employed pre-insertion resistors. In modeling the 
system to include pre-insertion resistors, the number of 
switches representing a breaker pole was increased from one 
to two. The initial closure of the pole would add a resistive 
element to the supply line, and the final closure would short 
this element. Ohe phase of the complete model is shown in 
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Figure 39. 
B. The Computer Solution 
The method decided upon to solve the transient re-
sponse of the model of Figure 39 was to modify the tran-
sient network solution technique of the previous chapter. 
The necessary information would be converted from its 
generally available form to one acceptable to the solution 
technique, the greatest modifications being in the calcu-
lation of the steady-state solution. 
A flow diagram of the computer program is shown in 
Figure 40. A complete listing can be found in Report 
PRC-7001-MW [19]. 
1. Calculation of the Network Elements 
From the Thevenin equivalent steady-state impedance, 
the values of the source impedances were computed. Since 
the normal specification of the Thevenin impedance is in 
per cent, the information required by the program to com-
pute the source impedances is the per cent Thevenin imped-
ance, the MVA base on which the per cent impedance was com-
puted, and the capacitor bus voltage in kV. The ohmic 
value of the 60-hertz source impedance was then determined 
and referred to the capacitor bus. The load on the capaci-
tor bus was used to determine the values of the equiva-
lent resistance to represent lighting load and the react-
ance for motor load. The load was assumed to be 40 per 
cent lighting load and 60 per cent motor load. The required 
T T 
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Figure 40. Capacitor Switching Program Flow Chart 
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information to determine the load parameters is the bus 
voltage in kV and the load in MW and MVAR. To model the 
equivalent parallel capacitor bank, the program required 
information on the number of energized capacitor banks 
present and, for each bank, the MVA rating, the length of 
feed, and the type of feed. If the number of energized 
banks is zero, this step is ignored. Since the network 
was assumed to be balanced in the steady-state, all three 
phases were assumed to have the same element values in the 
steady-state. 
2. The Steady-State Solution 
Since the network prior to capacitor switching was in 
a balanced state, the problem of finding the steady-state 
solution reduced to solving a single-phase circuit. The 
additional information required is the angle of the capac-
itor bus voltage of phase A at the time the capacitor is 
to be energized. For non-simultaneous switching the capac-
itor is considered energized at the time the second pole 
of the breaker closes. The initial voltages and currents 
of the A-phase elements are then determined, as are the 
values of the A-phase Thevenin equivalent source and the 
source representing the motor load. The phase B and phase 
C values of voltages and currents are then found by multi-
plying the A-phase values by -.5 - j.86603 and -.5 + j.86603, 
respectively. 
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3. The Transient Solution 
The transient solution used the method described in 
the previous chapter. The problem of determining the net-
work configuration at any time depended on the existence 
of energized banks, the presence of pre-insertion resistors, 
and whether or not the breaker poles operated simultaneously. 
The existence of parallel banks increased the number 
of nodes and elements of the network and also produced a 
higher frequency transient. Therefore, if energized banks 
were present, the program returned values of voltage in 
time steps of .02 milliseconds instead of steps of .05 
milliseconds when energized banks were not present. In 
either case, the program provided voltages for 10 milli-
seconds after switching. 
To accomplish the switching operations associated with 
pre-insertion resistors, the value of the supply line resist-
ance was increased to simulate the pre-insertion, and then 
decreased to indicate the final pole closure. Although 
the possibility of non-simultaneous pole closure was per-
mitted, the pre-insertion time of each pole was forced to 
be the same. The additional information required by the 
program was the length of the pre-insertion time and the 
value of the pre-insertion resistors. 
For non-simultaneous switching, the A-phase pole was 
assumed to close first. This can be done without loss of 
generality, since the definition of the A-phase is arbi-
trary. The additional information required by the program 
was the time of closure of the B-phase pole and the time 
of closure of the C-phase pole. 
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The most complicated switching sequence occurred with 
non-simultaneous breaker pole operation of breakers employ-
ing pre-insertion resistors. The time of pole A closing 
was defined as zero, the time of pole B clos~ng as TB, the 
time of pole C closing as TC, and the pre-insertion time 
as TPRE. Five switching operations, or changes in the 
network, now existed. However, with the ungrounded capac-
itor bank, closing a single pole has no effect on the capac-
itor bus voltage. Therefore, time zero is redefined as the 
time of the second pole closure, T2, which is the minimum 
of TB and TC. The third pole closure, or the maximum of 
TB and TC, is T3, and in the redefined time, is T3 minus 
T2. The switching operations are described in Table V. 
The program then arranges the operations in the 
order in which they occur, and, as the transient is calcu-
lated, performs the operations at the appropriate times .• 
For any negative values of time, the operations were per-
formed before the transient solution was begun. 
The transient voltages provided by the program were 
the three line-to-neutral voltages at the capacitor bus 
and the three line-to-line voltages divided by 13. The 
line voltages divided by 13 were the line-to-neutral volt-
ages on the distribution circuits, since a wye-delta trans-
formation was used to step the subtransmission voltages down 




T3 - T2 
TPRE - T2 
TPRE 
TPRE + T3 - T2 
OPERATION NETWORK CHANGES 
Initial Pole 1 Closure Add Phase 1 Elements 
Initial Pole 2 Closure Add Phase 2 Elements 
Initial Pole 3 Closure Add Phase 3 Elements 
Final Pole 1 Closure Modify Line Resistor 
Phase 1 
Final Pole 2 Closure Modify Line Resistor 
Phase 2 
Final Pole 3 Closure Modify Line Resistor 
Phase 3 
Table V. Switching Operations 
0'\ 
\0 
in per unit, with the pre-capacitor switching voltage 
defined as one per unit. 
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V. COMPARISON OF PREDICTED AND MEASURED TRANSIENTS 
Field measurements of transients associated with 
energizing station capacitor banks were provided by The 
Detroit Edison Company. The capacitor banks were located 
on 24 kV and 41.6 kV buses of subtransmission stations 
supplied through one or more delta~grounded wye trans-
formers or transformer banks by one or more 120 kV trans-
mission lines. Measurements were made on all three phases 
across the breaker contacts, on the three line-to-ground 
phase voltages at the capacitor, on the three phases to 
ground at remote stations, the three phases to ground on 
distribution circuits, and on the 120 volt house service 
of several stations. Several different types of circuit 
breakers were employed at the various stations. The tran-
sients predicted by the computer solution of the model of 
Figure 39 were then calculated for selected stations and 
compared to the field test results. 
A. Field Test Methods 
Two types of instruments were used to record the 
transients, a light-writing oscillograph and a storage 
CRT oscilloscope. Photographs were taken of the oscillo-
scope traces and were compared to the light-writing oscillo-
graph responses. If no previously energized banks were 
present at the station when a capacitor bank was energized, 
the light-writing oscillograph provided accurate results. 
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When a previously energized bank was present, the light 
writing oscillograph lacked the frequency response to 
faithfully reproduce the transient. In these cases, the 
storage oscilloscope had to be used. The advantage of 
using the light-writing oscillograph was in the number of 
channels available. Up to nine transients were recorded 
simultaneously, whereas the oscilloscope could only record 
one. 
B. Selection of Stations 
All capacitor bank stations investigated were supplied 
by 120 kV transmission lines. All stations were stepped 
down to the subtransmission voltage with a delta to 
grounded-wye transformer connection, and typically included 
a distribution substation as an integral part of the 
station. All capacitor banks were connected ungrounded wye 
and all stations had trunks and/or tie lines supplying 
other subtransmission stations and/or distribution 
substations. 
The essential differences in the subtransmission 
stations with switched capacitor banks investigated were 
the number of transmission lines and transformers supplying 
the station, the number of capacitor banks at each station, 
and the types of circuit breakers employed. 
A detailed description and comparison of predicted 
and measured transients for two representative stations 
was presented. The two stations chosen were Sterling and 
Hines. 
C. Sterling Station 
A simplified one line diagram of Sterling station is 
shown in Figure 41. There are two 120 kV lines serving 
Sterling station, the normal load flow being from St. 
Clair and to Northeast. The subtransmission voltage at 
Sterling is 41.6 kV and the capacitor bank is 18 MVA. A 
vacuum circuit breaker is employed in switching the single 
capacitor bank on and off the bus. 
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The voltage transients were measured from line to 
ground at the test points shown for all three phases for 
energization of the capacitor bank at several random points 
in the 60 hertz voltage cycle, using the light writing 
oscillograph. One test run was selected to be compared 
with the computer solution. 
For the computer program, the angle of energization 
was set at 90° to correspond to the angle in the test for 
the A phase. The Thevenin impedance was .247 + jl.l75 
per cent on a 10 MVA base. The capacitor bus voltage was 
41.6 kV. The capacitor bank was 18 MVA and had 750 feet 
of 3/0 ACSR overhead line to the bus. The pole operation 
was observed to be simultaneous and no pre-insertion re-
sistors were used. Since Sterling station had only a 
single capacitor bank, no previously energized banks were 
present. The computer solution of the~.A phase transient 
is compared to the measured transient in Figure 42. The 
predicted and actual values of the transient responses for 
the other two phases and for the distribution voltages 
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correl-ated as well as the A phase transient. They, there-
fore, were not plotted. 
As can be seen from the results shown in Figure 42, · 
the model predicted the transient very well. The actual 
maximum values were identical. The model did not hold.up 
the bus voltage as well as indicated by the tests, nor did 
the transient predicted by the model dissipate quite as 
fast as the field tests indicate it should have. 
D. Hines Station 
A simplified one-line diagram of Hines station is 
shown in Figure 43. The subtransmission voltage at Hines 
is 41.6 kV and the two capacitor banks are 18 MVA each. 
Bank two is energized with an oil circuit breaker equipped 
with pre-insertion resistors and with a supply line of 
approximately 50 feet of 3/0 ACSR. From the field test 
data it was observed that the closure of the B phase pole 
followed the apparent simultaneous closure of the A and 
C phase poles by approximately 0.75 milliseconds and that 
the pre-insertion resistors, which were approximately 240 
ohms, were inserted in each phase for the same length of 
time. The pre-insertion time was about 30 milliseconds, 
but after pre-insertion steady-state conditions were 
reached in less than 4 milliseconds. Bank three is 
energized with a circuit switcher without pre-insertion 
resistors exhibiting a random non-simultaneous pole opera-
tion, with the closure of the last pole following the 
second pole closure by as much as 8 milliseconds. The 
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Figure 43. Simplified One-Line Diagram of Hines Station 
supply line is long and is composed of 3/0 ACSR and 350 
MCM SAC. 
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Two test runs of the bus voltage were selected for 
comparison with the predicted results. The first test was 
energizing bank two with bank three de-energized. For the 
predicted solution poles A and C were assumed to close 
simultaneously, followed in 0.75 milliseconds by the closure 
of the C phase pole. Also, since the initial pole closure 
produced no observable transient on the bus and the capac-
itor reached steady-state in less than 4 milliseconds, the 
pre-insertion time was reduced to 4 milliseconds per pole 
to reduce the run time of the computer. The Thevenin 
impedance, .174 + j.721 per cent on a 10 MVA, 41.6 kV 
base; the load, 105 MW and 23 MVAR; and the initial angle 
of +50° for the initial closure of the A phase pole were 
also supplied to the program. The predicted and observed 
A phase transients are plotted in Figure 44. 
As can be seen from the results of Figure 44, the 
model again performed very well. 
For the second test at Hines station, ban~ three was 
energized with bank two on the line. An oscilloscope was 
required to record the transient and the sequence of pole 
closure during the test was unknown, since only one phase 
of the response could be obtained. It was determined that 
the third pole closed approximately 8 milliseconds after 
the first two. This third pole was assumed to be the C 
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Figure 44. Hines Station First Test Predicted 




closed at 90° on the phase measured, which was arbitrarily 
called the A phase. The Thevenin impedance and the load 
~nformation were the same as in test one. The measured· 
transient is shown in Figure 45 and the predicted tran-
sient is plotted in Figure 46. 
The higher frequency transient present has a larger 
magnitude than predicted. However, this transient is 
extremely sensitive to the difference in lengths of the 
lines supplying the capacitor banks and a small change in 















































The representation of the source network supplying a 
station of a complex power system can be simplified to a 
voltage source followed by a simple R-L series impedance 
for the study of transients associated with energizing 
station capacitor banks, if the station includes a trans-
former on the source side. A satisfactory approximation of 
this impedance can be found from the 60-hertz Thevenin 
impedance, which is generally available. 
The load representation, particularly the representa-
tion chosen in the model, is difficult to determine. Fortu-
nately, the principal effect of the load is to determine 
the amount of damping in the response. For example, chang-
ing the value of the assumed load division from the chosen 
60% motor load and 40% lighting load at Sterling station to 
40% motor load and 60% lighting load predicted a transient 
that dissipated more rapidly than the measured transient. 
The initial predicted drop in bus voltage, however, remained 
nearly the same. This difference in the sudden drop in 
voltage predicted by the model and recorded in the field 
may well not exist, but be due to the limitations in the 
response time of the light-writing oscillograph. Since it 
was found that the use of 60% motor load and 40% lighting 
load predicted more severe transients than were actually 
encountered, this division of load is recommended in setting 
up the model. 
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The test results and the model have shown the 
importance of both simultaneous pole operation and the use 
of pre-insertion resistors in reducing the bus transients 
for energizing a capacitor bank. With the validity of the 
model established, it can be applied for determining 
optimum values of pre-insertion resistors, maximum allow-
able time differences in the pole closures of the three 
phases, and as an aid in det~rmining the locations of future 
capacitor banks on a system. 
If grounded capacitor banks are employed, a single 
phase model can be used, greatly simplifying the problem. 
To investigate delta connected capacitor banks, only minor 
modifications in the model and its solution are required. 
To improve the accuracy of the model, further 
investigation is necessary in the representation of the 
load under transient conditions. Extension of the model 
to station capacitor banks without transformers on the 
source side should also be examined. 
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